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ABSTRACT 
The spectrum of a 5 C i  PuBe neutron source has been measured from 40 keV 
t o  800 keV. 
containing 4 atmospheres of hydrogen, Pulses due t o  gamma-ray interactions 
i n  the chamber were distinguished by r i s e  time analysis using a two-parameter 
pulse-height analyzer. The proton recoil  spectrum was analyzed using a 
code written by Benjamin which accounts for  contributions t o  the proton recoil  
spectrum from neutrons of energy greater than that t o  be analyzed. 
The measurement was made using a spheiical proportional counter 
The proportional counter measurement i s  combined wi th  a recent l iquid 
sc in t i l l a to r  measurement t o  give a complete spectrum. 
between the two measurements i n  the region of overlap from 500 t o  8DO keV. . 
The proportional counter data show that the flux i s  f a i r ly  smooth and flat 
i n  the region from k, keV t o  &O keV. 
Good agreement exis ts  
The present measurements indicate a neutron yield below 1 MeV for  t h i s  
source of 20.2 5 3.9 percent. 
- . - . . - . 
INTRODUCTION 
For many applications of radioactive 
neutron sources it i s  necessary t o  have an 
accurate knowledge of the neutron spectrum 
as well as the source strength. 
large water bath techniques bas made it 
possible t o  determine source strengths t o  an 
accuracy of 3 percent or better but the 
neutron spectrum i s  not nearly so w e l l  known. 
Considerable past work with emulsions and 
organic scint i l la tors  has resulted i n  f a i r l y  , 
well established spectra at energies greater 
than about 1 MeV but below this  energy the 
spectra of many radioactive sources have not 
been measured. 
In the  present work a 5 Curie (Ci) PuBe 
The use of 
source spectrum is  measured from 800 keV 
down t o  40 keV using a spherical proportional 
counter (1). This measurement is  combined 
w i t h  a recent l iquid sc in t i l l a to r  measure- 
ment (2) t o  give a complete spectrum. The 
primary d i f f i cu l t i e s  
counter measurement o 
large number of high energy neutrons emitted 
background, 
,n) spectrum a re  caused by the 
by these sources) ana by the -ray ' 
E- 
A spherical proportional counter de- 
signed by Benjamin et.al. t h  
measurements. The counte 
4 atmospheres of hydrogen 
helium-3 and had an inside diameter of 
3.94 cm. 
stainless steel. 
thick, and an outer cadmium cover about 
.On cm thick surrounded the counter. 
The counter w a l l  was . O 5 l  cm thick 
A lead shield about .64 cm 
The measurements were made with the 
counter mounted on a light frame 1.8 meters 
above the floor of a room 4 meters high, 
and 6 meters square. The m e  source was 
supported w i t h  i ts  axis ver t ical  at  15 cm 
from the counter by a .62 cm diameter 
threaded iron rod. 
A block diagram of the electronics is  
shown i n  figure 1. 
electron recoils, a two-parameter analyzer 
was driven by an identification signal as 
which may take up t o  6p. sec t o  rise, the 
preamplifier decay time was made l3Op  sec, 
and a single 7 s  sec RC integration and 
differentiation time constant was chosen 
in the  l inear  amplifier. 
identification pulse separating fast-rising 
proton recoils from electrons, the pre- 
amplifier output was R-C clipped with s short 
time constant i n  the second l inear  amplifier. 
s used t o  tirive a fast stretcher 
retcher of about 
on, The slow stretcher 
&%&Just& t o  reach i t s  peak at  i t s  e 
F entification pulse was delayed 
4 
t 
To separate protons from 
s by a l inear  signal. To preserve the 
response for  large pulses i n  hydrogen, 
To obtain an 
convert the full voltage of the l inear  
signal. 
Careful measurements were msde of the 
analyzer l inear i ty  and pulse height zero. 
Amplifier gains were measured and absolute 
gas.gains were obtained using the 764 keV 
helium-3 peak. A plot of In  A/V versus I n  V 
gave a straight l i n e  over a r&ge of gas gain 
from A& t o  A-250. 
Measurements were made with gas @ins of 
from 45 t o  180. 
helium-3 peak was about 10 percent full width 
at half maximum (m). 
The resolution of the 
Tina 5 CURIE PUBe SOURCE 
This source i s  a r ight  cylinder, ou te r .  
diameter 3.33 cm, and length 6.91 cm. 
contains 79.88 gms of plutonium and 39.30 gms 
of beryllium intimately mixed and melted in a 
tantalum cup and doubly encapsulated in 
stainless  steel. 
It 
The source emission rate was 9 . 9  + .29 
neutrons per second in September of 1 s .  
The isotopic fraction of plutonium-241 was . 
.74 percent (3). This corresponds t o  an 
i n i t i a l  r a t e  of increase of source strength 
due t o  the foonaation of americium-241 of 2.1 
percent per  year. 
is  estimated t o  be 13.6 percent greater than 
in 1962. 
source as a function of direction was measured 
with a long counter, the center of the front 
fac t  of which was at 100 cm from the center 
of the source. The emission rate i n  the 
direction perpendicular t o  the source 
was measured t o  be 1.067 ,+ .020 times 
great as the emission ra te  averaged over the  
t o t a l  sol id  angle. 
flux at  one meter from the source ” 
The source strength i n  September 1970 
The relat ive emission ra te  of this I 
The calculated neutron 
SIS 
above the highest energy t o  be analyzed, 
nie  required shape was obtained from the 
proton recoi l  response shape for  neutrons 
above the energy t o  be analyzed, using 
analytic response functions. It then 
normaliaes t h i s  shape t o  the data, and s t r ip s  
the  clifferentiated remainder. 
ta of reference 2. The code generates a . 
Below about 100 keV proton energy, 
events occur i n  the chamber. A two- 
8 i O t l a l  plot O f  Counts fI’Om a Cobalt-& 
source I s  shown i n  figure 2. 
frcoa a 40 keV electron t rave l  a t o t a l  
distance equivalent t o  the  diameter of t h i s  
chamber, and may requira as long as 6,a sec 
t o  rise. 
the clipping c i rcu i t  places most of the 
pulses near the energy axis. 
The pulses 
Consequently, at  a given energy 
Figure 3 shows d a t a  from the M e  
source. A 100 keV proton i n  the counter 
travels only about a millimeter, so that 
d l  of the 100 keV proton pulses should 
rise within the clipping time of the identi- 
f icat ion circuit. 
peak in the  identification channel. 
the  identification pulse s ize  for  these 
peak occurs i n  a diagonal l i n e  on the  plot  (5). 
Unfortunately, not all the  pulses on 
These pulses appear as a 
Since 
. pulses is proportional t o  the energy, t h i s  
t h i s  plot  can be clearly ascribed t o  the 
proton-recoil peak, or  t o  gamm-rays. 
Above 100 keV, where the gamma-rray induced 
pulses are gone, there i s  a flat continuum 
of pul 
pulses hose i n  the peak. It ira be- 
lieved 
energy 
the i r  energy in the  gas before colliding 
ch have smaller identification 
hese pulses are due t o  higher 
s that lose only a fraction of 
fo r  exmnple, a 
lose 100 keV while t ravel l ing 
.Figure 4 shows the 
the source surrounde 
of tungsten, which 
the fmction of high-energy neutrons i n  the 
spectrum. The calculated fra 
flux above 2 MeV in the tungs 
s p @ c t ~  is only 1 
percent for  the 
2 
It is possible t o  subtract an a 
fraction of a 
mixed spectrum so as t o  obtain a smooth con- 
tinuation below 100 keV of the distribution 
above b keV, so t e subtraction i s  
from the non-peak 
-ray spectrum fron 
Figure 5 shows the t o t a l  counts 
measured for  the 5 ource. Two 
sl ight ly  different 
tracted below 100 
tr ibution t o  the spectrum 
tractions is shown also. A modified version 
of Spec 4 was used t o  calculate the fraction 
of recoils from neutrons of energy greater 
than 1.5 MeV. 
5. Figure 6 shows similar resul ts  for  the 
tungsten leakage spectrum, where the non- 
peak fraction is much lower. 
the fraction of non- 
constant with energy. 
time, there will be 
This is a lso  shown i n  figure 
some energy of proton-recoil below which tall 
the recoi ls  will be in the  group along the 
diagonal. 
small .pulses will 
time. Since the solute number of recoils 
from high energy events increases only about 
10~ percent from 100 keV t o  10 keV, the 
number of counts occurPing off the - g o d  
should, at most, r i s e  no more than this, 
The rise time fo r  these very 
e wlthin the clipping 
The uncertcainty in the 
proton recoil  contribution is expected 
se With decreasing neutron energy, 
the upper l i m i t  of the spectrum shown is 
beli@ved t o  be n the upper l i m i t  for the * 
spectrum in this region. 
is not so clearly defined, 
The lower l i m i t  
The fraction of the neutron spectrum below 
1 MeV is then 20.2 2 3.9,percent. 
m e  spectrum of reference 2' is very 
of hderson and Bond (6) 
ear emulsions. Their 
spectrum of a similar PUBe 
measured spectrum extrapolated smoothly t o  
yiolds found about 17 percent of the spec- 
S o y  inferred 
. . at 0.3 MeV due t o  inelast ic  scattering of 
srlph parrticles frorn beellium. 
beryllium nucleus was postulated t o  decay 
by neutron emission. Shook, et.al., (8) 
laarewed the  age of neutrons in vwious 
media and using a similar 5 C i  PUBC source) 
entimated that 21 percent of the neutrons 
were emitted below 1 MeV, 
Amlerson and Bond spectrum 
in the neutron spectrum 
The excited 
They used the 
t and smooth. 
es there are? about 
ercent of the neut5rons emitted 
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Figure 1. -Block diagram of instrumentation. 
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Figure 2. - Proprtional counter data. cobalt-60 source. 
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Figure 6. -Comparison of measured and calculated count rates for tungsten leakage 
flux. 
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Figure 7. - Neutran flux at one meter from $ Ci Pu-Be source. 
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